1. Introduction {#sec1}
===============

Glial cells unlike neurons undergo mitosis and any abhorrent deviation may result in glial tumours. The initiation is thought to originate from a common pluripotent neuro-ectodermal precursor cell whose progeny retains the ability to differentiate, along the astrocytic lineage to a Grade IV glioblastoma multiforme (GBM). Primary GBMs occur de-novo [@bib1]. Only radiation exposure and certain genetic syndromes, for example Li-Fraumeni syndrome, are well defined risk factors for malignant glioma [@bib2].

Subtype classification is dependent on which cell type the glial tumour most closely resembles including: Astrocytoma (astrocytes), Oligodendrogliomas (oligodendrocytes) or mixed gliomas (for example oligoastrocytomas) -- the three of which account for more than 70% of all brain tumours [@bib2].

Glial tumour grading is according to WHO classification grade I to IV, I least aggressive non-anaplastic gliomas and IV most aggressive anaplastic gliomas. High-grade gliomas (HGG), WHO grade III & IV, account for approximately 70% of all gliomas and predominantly affect patients between 40 and 70 years of age [@bib3].

2. Epidemiology & current practise {#sec2}
==================================

In the UK, incidence rates of central nervous cancers are 12.4 per 100,000 of the population and not changed significantly in the last three decades [@bib4]. The prognosis and survival remains bleak despite research including advances in cytoreductive surgery, imaging technology, chemotherapy and radiotherapy. The five-year survival in the early 1970s was 8% and this has plateaued at approximately 14% since the late 1980s [@bib4]. There is also significant morbidity with HGG, as they are commonly located in or near to eloquent brain regions, i.e. language, memory, motor and visuo-spatial centres.

The current management for HGG aims to increase survivorship and provide a good quality of life during this short reprieve, before presumed reoccurrence including distal brain metastasis [@bib4]. As briefly mentioned this has been in part due to the combination of cytoreductive surgery, imaging technology, chemotherapy and radiotherapy. It should also be emphasised the management decisions are reached through consensus by a multidisciplinary team including the neurosurgeons, oncologists, physiotherapists and specialist nurses taking into account the individual patients pre-morbid status in particular the WHO performance status.

The Stupp protocol is the gold standard regimen for Grade IV gliomas; involving gross-total resection of tumour bulk (equal to or greater than 95%) followed by radiotherapy with concomitant and adjuvant alkylating/methylation (of tumour cell DNA) chemotherapy agent temozolomide. There was a significant increase in 2-year survival from 10.4% to 26.5% [@bib5]. The Stupp protocol has replaced the PCV adjuvant chemotherapy regimen (procarbazine, lomustine and vincristine) traditionally given due to it failing to improve survival in prospective randomised studies, both in grade III and IV tumours [@bib6].

The placement of intra-operative carmustine wafers (Gliadel), if the resection cavity is greater than 90%, has shown modest increases in median overall survival of approximately two-and-half months [@bib7].

It should be noted for the over 70 years of age cohort, that radiotherapy maybe the only post-operative therapy recommended at MDT although, this alone has shown to increases median survival by 3 months without altering the quality of life compared with best supportive care.

3. Recent intra-operative advances in practise {#sec3}
==============================================

In the last decade there have been advancements in technology to enable greater and more accurate surgical resection of the HGG, these include:•Fluorescence-guided surgery with 5-Aminolevulinic acid (5-ALA) given pre-operatively accumulates in HGG allowing for greater resection of tumour and a prolonging progression-free survival, twice as long at 6 months [@bib8; @bib9; @bib10].•High-magnification microscopes•Intra-operative Magnetic Resonance Imaging (iMRI) -- allows for real-time assessment of the tumour resection especially given intra-operative brain shift•Intra-operative ultrasound -- free hand intra-operative tumour visualisation and neuronavigation•Neuronavigation with/without diffusion tensor imaging (DTI) -- to intra-operatively localise and estimate tumour resection on a 2D-screen, while avoiding iatrogenic damage of eloquent structures as also DTI assists in defining the white matter tracts

A Cochrane review demonstrated that the extent of resection is significantly increased with 5-ALA iMRI and neuronavigation with DTI, however the data was insufficient to evaluate the overall benefit and effects of neuronavigation. There is no clear evidence whether 5-ALA or neuronavigation with DTI improved overall survival in patients with HGG. There is a theoretical concern that maximising the extent of resection may lead to more frequent adverse events but this was poorly reported in the included studies [@bib11].

3.1. Robotic neurosurgery {#sec3.1}
-------------------------

General-purpose non-neurosurgical laparoscopy multi-manipulators such as the Da Vinci Surgical System have performed thousands of procedures [@bib12]. The combination of robotic neurosurgery with intraoperative MRI is a logical progression for a telesurgical device, the NeuroArm. The Da Vinci Surgical System unlike the NeuroArm utilises a 3-D visual display unit to give the surgeon full stereoscopic vision. Surgical procedures performed with the NeuroArm have been just as accurate as conventional techniques in malignant glioma resection [@bib13; @bib14; @bib15]. The integration of tele-operated robotics with surgery should reduce intra-operative error and iatrogenic trauma by decreasing tremor and improving accuracy, and precision. The NeuroArm is still experimental. The Da Vinci system is an example of a well-integrated robotic solution, however the clinical data has not supported the claim of improved patient outcomes and the procedure takes longer than traditional non-robotic surgery [@bib14; @bib15].

3.2. Targeted chemotherapy {#sec3.2}
--------------------------

Maximal surgical resection of the tumour removes all of the central core of hypoxic, proliferative cells as well as some of the migratory cells in the marginal region, providing a rapid kill of a significant number of tumour cells. Despite combination therapy, tumour reoccurrence is commonplace in most patients after initial successful treatment and consequent poor survival rates [@bib4; @bib5]. Gliomas can originate from neural stem cells, progenitor cells or from de-differentiated mature neural cells transformed into cancer stem cells [@bib1; @bib2]. Genetic sequencing has identified markers that support the diagnosis of a glioma sub-type, but more notably tumour behavioural characteristics especially to chemotherapy [@bib16]. A chemotherapy regimen tailored to the molecular genetics would target residual glial cells and any proliferating Brain Tumour Stem Cells (BSC) responsible for proliferation-migration and differentiation of gliomas.

The molecular and cellular alterations observed in HGGs are strongly linked to signalling pathways involved in angiogenesis, cell-cycle control, cell metabolism (for example Isocitrate dehydrogenase), invasion, and signal transduction. There is also loss of chromosome-10, CDKN2A deletion and amplification of EGFR all linked to HGGs [@bib5; @bib16].

Isocitrate dehydrogenase 1 (*IDH1*; and rarely *IDH2*) mutations, important in cell metabolism, have been found in more than 60% of low-grade gliomas and HGGs. This mutation is favourable predictor for outcome irrespective of histological tumour type and grade [@bib5; @bib16].

Methyl-guanine methyl transferase (MGMT) gene is crucial in DNA damage repair and methylation of the MGMT gene promoter (epigenetic silencing) prevents the tumour cell repairing itself from chemotherapy-induced DNA damage. Temozolomide methylates DNA at the N-7 or O-6 positions of guanine residues rendering the HGG cells sensitive to DNA damage and the consequent apoptotic cascade [@bib5; @bib16].

Bevacizumab is a humanised monoclonal antibody, and was the first commercially available angiogenesis inhibitor to target and inhibit vascular endothelial growth factor (VEGF) [@bib17]. The alternative development of immunomodulatory drugs including swainsonine, (inhibiting asparagine glycosylation) has shown therapeutic potential by stimulating the body\'s innate immune cells to attack tumour cells [@bib18].

3.3. Stereotactic neuroradiosurgery {#sec3.3}
-----------------------------------

The Gamma Knife is a focused array of intersecting beams of gamma radiation to treat lesions within the brain and has been a gold standard method for delivery of stereotactic neuroradiosurgery [@bib19]. The CyberKnife syste*m* was developed with the intention of delivering radiotherapy more accurately than standard protocols by combining the radiation produced from a small linear particle accelerator and a robotic arm that allows the energy to be directed at any part of the body from any direction [@bib19]. The Gamma Knife requires a stereotactic frame placement that does not allow movement during treatment while CyberKnife allows for mobility and the integration of real-time imaging during radiotherapy session [@bib20; @bib21]. There has been no direct comparison of the aforementioned radiotherapy systems. Early trials of the CyberKnife have shown acceptable toxicity and increased accuracy in radiation delivery with the potential of dose escalation and subsequent effectiveness in decreasing the tumour size [@bib20; @bib21].

3.4. Nanoneurotherapy {#sec3.4}
---------------------

Nanotechnology has already become integrated with the everyday neurosurgical care; for example, the impregnation of external ventricular drains catheters with silver nanoparticles to reduce microbial colonisation. Recent neuronavigational technology advancements including nanoscale microelectronics have improved performance of imaging, decreased equipment size and increased the accuracy of cytoreductive surgery [@bib22].

The prospective clinical applications of nanotechnology include a vast array of potential therapies. This will range from nanofluidic chips sensors that detect trace amounts of specific genetic material or protein products that indicate recurrence or degeneration of malignancy to self-assembling nanofibre scaffold gel containing bioactive molecules that enable tissue regeneration by activation of endogenous neuronal stems cells [@bib22; @bib23].

The utilisation of suspended colloids of iron oxide nanoparticles including ferumoxtran-10 has improved the sensitivity of MRI contrast studies for tumour localisation. Iron-oxide nanoparticles unlike Gadolinium is super-paramagnetic not paramagnetic. While an external magnetic field is able to magnetise both, iron oxide\'s magnetic susceptibility is much greater and reduces the T~2~ signals of absorbing tissues. T~2~-weighted sequences are most sensitive for pathology including glioma, and generally distinguishable from normal tissue [@bib23]. Dual imaging utilising cross-linked iron oxide with Cyanine dye 5.5 (CLIO-Cy5.5) has shown promise in pre-clinical studies, acting both, as a preoperative contrast agent and intraoperative near-infrared fluorescence enhancement, like 5-ALA allowing tumour demarcation [@bib9] ([Fig. 1](#fig1){ref-type="fig"}).

Iron oxide has other potential therapeutic modalities, and its cross-linking with tumour-labelling agents could improve tumour visualisation. Chlorotoxin (CTX) has been found to preferentially bind to a variety of human malignancies [@bib24]. CTX can be used to image gliomas due to its small size and relative ease of manipulation, and ease with cross-linking to iron oxide. It was demonstrated that CTX selectively binds to the matrix metalloproteinase-2 (MMP-2) isoform that is up-regulated in gliomas not normally expressed in brain [@bib25] ([Fig. 2](#fig2){ref-type="fig"}).

3.5. Oncolytic virotherapy {#sec3.5}
--------------------------

Oncolytic viruses (OVs) have the ability to target, replicate in and lyse tumour cells without critically damaging surrounding non-cancerous tissues, important in the central nervous system. A wide range of OVs therapies have been trialled and the most widely known example is Herpes Simplex Virus (HSV), others trialled include Adenoviruses, Measles virus, Newcastle virus, Poliovirus. HSV is a large-double stranded DNA, neurotropic virus that establishes lifelong infection through latency with already available antiviral agents, and there are various mutant HSV strains available including G207 and HSV-1716 that have been developed to negate encephalitis as a complication [@bib26; @bib27; @bib28]. HSV attenuation allows for the reduction in neurovirulence and increased tumour selectivity, for example, deletion of Gamma-one 34.5 in both mutants with the additional insertion of gene-disrupting lacZ in HSV G207 prevents the virus from replicating in non-dividing cells. A third-generation HSV, G47Δ, the ICP47 gene is deleted enhancing MHC class 1 antigen presentation therefore allowing for lymphocytic tumour infiltration and hastening the viral life cycle. This is crucial to attain high viral titres (the virus maintains potency without administration of large doses), continued replication without decreased potency and maintains a good safety profile. OVs have demonstrated potential in early clinical trials and are still undergoing investigation [@bib28; @bib29; @bib30].

Modern recombinant DNA technology has allowed the engineering of modified viruses with improved therapeutic indices and attenuated to include therapeutic transgenes and/or increasing tumour-selective targeting through receptor targeting and tumour-specific promoters. HSV-thymidine kinase (-tk) is an example of suicide gene therapy, whereby the inactive pro-drug ganciclovir (GCV) is converted to toxic GCV-triphosphate, which is lethal to tumour cells. A phase I clinical trial demonstrated a doubling of mean survival from 7.4 to 15 months [@bib27; @bib28; @bib29].

HGG are heterogeneous, expressing diverse epigenetic and genetic changes. Finding an appropriate therapy is difficult, targeting a common unregulated tumour pathways or using a multi-modal approach may increase treatment efficacy. A HSV mutant, G47Δ-mAngio, that expresses angiostatin and systemic administration of bevacizumab has demonstrated synergistic activity given up-regulation of VEGF in HGGs [@bib29].

3.6. Gene therapy {#sec3.6}
-----------------

Endogenous adult neurogenesis in the subventricular zone (SVZ) and subgranular zone (SGZ) generate the main cell phenotypes of the nervous system from their neural stem cell (NSC) populations. The current focus of experimental NSC therapeutics is primarily based around their use for neurodegenerative disorders and stroke. There has been recent in-vitro trials looking at modification of mesenchymal stem cells to express a single antibody against EGFR found in HGG, localising and inducing a local immune response [@bib16; @bib29].

Another potential therapeutic option demonstrated in rodents is inducing embryonic stem cells to express of mda-7/IL-24. The cytokines stimulate HGG cell apoptosis and autophagy while sparing healthy neural tissue. The affected HGGs have also exhibiting increased radio-sensitisation and synergic action with concomitant temozolomide therapy [@bib30].

A viral vector can instead be utilised to allow for cytokine expression, directly on the HGG or NSC. Adenovirus has been commonly used as the appropriate vector, unlike HSV, it is non-neurotropic and the virus is replication incompetent; it will not continue to replicate or have affinity for only neuronal cells negating any theoretical harm to healthy neurones. The mechanism of action involves the delivery of immunostimulatory genes to the HGG with consequent expression of IL-2, -4, -12, interferon-beta and -gamma, thereby the HGG becomes the target of endogenous antigen targeting cells [@bib30]. NSC can instead be induced to express IL-12, and this NSC-IL-12 can target both local and disseminating glioma cells, and in the animal studies, the rodents were noted to have a significantly increased survivorship compared to the controls [@bib31]. The studies both add to further potential mechanisms by which to target HGGs.

The bioengineering and direction of such a treatment would need to under strict control otherwise the result of which may be the further generation of BTSC and significant damage healthy non-tumour cells of the central nervous system.

4. Conclusion {#sec4}
=============

Three decades of intensive research and a variety of chemotherapy regimes, radiotherapy and surgical approaches have been trialled and investigated, however the prognosis for patients with HGGs has not changed significantly. Cytoreductive surgery for the management of malignant glioma therapy improves survival and may enhance the efficiency of adjunct and adjuvant therapy. Reoccurrence does occur and will present with distal metastasis in the cranial vault. Novel therapies are being derived from a better understanding of cellular and molecular glial tumour-genesis, and interactions with the microenvironment, and slowly yielding a variety of possibly viable alternate therapies.
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![(i) Left, T1-weighted MRI of glioma-bearing rat brain after administration of gadolinium and CLIO-Cy5.5 administration. Right, T2-weighted MRI of the same rat brain after CLIO-Cy5.5 administration but before gadolinium administration. The images show good correlation in terms of tumour demarcation between the two contrast-agent modalities [@bib22]. 1 (ii) Magnification showing the tumour region in (i). (Image adapted).](gr1){#fig1}

![Schematic representations of Iron-oxide-CTX-nanoparticle inhibiting tumour cell invasion. (i) Surface chemistry of nanoprobe. (ii) Nanoprobe binding to lipid rafts of glioma cells containing MMP-2 and select ion channels [@bib25].](gr2){#fig2}
